The major DNA repair pathway for coping with spontaneous forms of DNA damage, such as natural hydrolytic products or oxidative lesions, is base excision repair (BER). In particular, BER processes mutagenic and cytotoxic DNA lesions such as non-bulky base modifications, abasic sites, and a range of chemically distinct single-strand breaks. Defects in BER have been linked to cancer predisposition, neurodegenerative disorders, and immunodeficiency. Recent data indicate a large degree of sequence variability in DNA repair genes and several studies have associated BER gene polymorphisms with disease risk, including cancer of several sites. The intent of this review is to describe the range of BER capacity among individuals and the functional consequences of BER genetic variants. We also discuss studies that associate BER deficiency with disease risk and the current state of BER capacity measurement assays.
single nucleotide. However, there are other sub-branches of BER -involving specialized single-strand break processing enzymes or the long-patch (2-13 nucleotides) proliferating cell nuclear antigen (PCNA)-dependent synthesis machinery -that will not be described in detail herein, but are reviewed in depth elsewhere [8] [9] [10] [11] . Table 1 has been included as a quick reference for several key proteins of BER and the related process of single-strand break repair that will be mentioned herein.
Defects in BER have been genetically linked to cancer risk, immunological dysfunction, and neurodegenerative disease (Table 2 ). For instance, in a sub-set of individuals that develop multiple adenomatous colon polyps or colorectal cancer, mutations have been found in the E. coli MutY homolog DNA glycosylase (MUTYH) gene [12] . This autosomal recessive form of familial adenomatous polyposis (FAP) is now more commonly referred to as MYHassociated polyposis (MAP) [13, 14] . The human MYH protein excises adenine bases from DNA when inappropriately paired with guanine, cytosine, or 8-oxo-dG, a major base lesion often used as a biomarker for oxidative stress [15] . Several missense mutations have been identified in the MUTYH gene [16] , and the few that have been functionally characterized, e.g., Tyr176Cys and Gly393Asp (which account for ~75% of the MAP alleles in Caucasians), result in a protein with at best poor DNA glycosylase activity [17] . This defect in DNA repair capacity presumably gives rise to the elevated G:C to T:A transversions seen in MAP patients, due to erroneous replication of unrepaired A:8-oxo-dG substrates [13, 14] .
Mutations in the gene encoding the major uracil DNA glycosylase (UNG) have been linked to a primary immunodeficiency disorder called Hyper-IgM Syndrome Type V (HIGM5) [18, 19] . The HIGM syndromes are a heterogeneous group of genetic disorders typified by antibody defects, immunodeficiency, and susceptibility to opportunistic infections. The symptoms of HIGM5 are similar to those of HIGM2, a disease that stems from mutations in the AICDA gene. The AICDA encoded protein, activation-induced deaminase (AID), is a DNA cytosine deaminase that generates uracil bases essential for somatic hypermutation and class switch recombination, the molecular processes behind antibody diversification in B cells [20, 21] . While the major role of UNG is typically to cope with uracil residues that arise in genomic DNA via spontaneous cytosine deamination or misincorporation during chromosome replication -events that can lead to mutagenesis or cellular dysfunction -the protein has an essential role in promoting the AID-initiated response as well [22] . The HIGM5-associated UNG mutations described to date either introduce a premature stop codon that generates a dysfunctional truncated protein or change amino acid residue 251 from phenylalanine to serine (Phe251Ser), resulting in an abnormal mitochondrial translocation of the glycosylase [19] . Such mutational events lead to the accumulation of uracil bases in the nuclear genome and underlie the IgG and IgA deficiency that stems from the inability of B cells to carry out AID-directed isotype switching during the immune response [23, 24] .
Recent data indicate a link between defects in single-strand break processing, a specialized sub-pathway of BER, and neurological abnormalities [10] . For instance, ataxia with oculomotor apraxia type 1 (AOA1) is an autosomal recessive disease characterized by earlyonset and slowly progressive cerebellar ataxia, areflexia, and peripheral neuropathy that is caused by a mutation in the APTX gene encoding a protein named aprataxin [25, 26] . The main function of aprataxin appears to be to excise 5'-AMP groups that arise in DNA after abortive ligation reactions, which typically occur at sites of oxidative strand breaks where the 3'-terminus is nonligatable (e.g., 3'-phosphate groups) [27] . The disease-linked mutations in APTX range from nonsense (most notably Trp279X), frameshift, or missense changes of a conserved, functionally/structurally important residue, largely resulting in a gene product with inactive or impaired hydrolase function [28] . For individuals affected with the autosomal recessive disorder spinocerebellar ataxia with axonal neuropathy (SCAN1), a single homozygous mutation has been identified in the gene encoding tyrosyl-DNA phosphodiesterase 1 (TDP1) [29] . TDP1 functions to remove 3'-obstructive groups such as 3'-phosphoglycolates and trapped 3'-topoisomerase I intermediates from DNA strand break ends [30, 31] . The pathogenic mutation in TDP1 (A1478G) substitutes a conserved, active site histidine residue (His493) with arginine, severely diminishing the phosphodiesterase activity of the enzyme and creating a mutant protein that forms a prolonged covalent intermediate with DNA [32] . Additionally, a previously unknown autosomal recessive disease characterized by microcephaly, early-onset, intractable seizures and developmental delay (MCSZ) results from mutations in the polynucleotide kinase 3'-phosphatase (PNKP) gene [33] . PNKP, as the name suggests, phosphorylates DNA at 5'-hydroxyl termini and dephosphorylates 3'-phosphate termini to permit polymerization and/or ligation reactions [34, 35] . The PNKP mutations of MCSZ include a 17-bp duplication in exon 14, a 17-bp deletion, and missense substitutions, all of which lead to low protein production/stability and/or impaired protein activity [33] . It is worth pointing out that aprataxin, TDP1, and PNKP have each been shown to directly or indirectly interact with the single-strand break scaffold protein XRCC1, physically linking them to this sub-pathway of BER [10] .
Despite the fact that AOA1, SCAN1 and MCSZ exhibit severe neurological defects, none of these disorders display cancer predisposition. This observation appears to suggest that strand break repair processes function primarily to maintain viability of certain cell types, yet do not play a major role in preserving genetic integrity, at least in the absence of exogenous challenges. Specifically, the tissue-selective nature of these diseases presumably stems from: (i) cells that are highly metabolically active, e.g, neurons, likely generate a greater number of lethal oxidative DNA strand breaks that require fully active repair mechanisms to avoid transcriptional arrest and apoptotic signaling and (ii) replicating cells, unlike differentiated neurons, utilize compensatory pathways, e.g., homologous recombination, to faithfully resolve any unrepaired strand break interruptions [36] . It is worth pointing out that the strictly neurological defects of these disorders are also similar in many ways to diseases that stem from mitochondrial dysfunction.
It has been argued that cancer cells must acquire a mutator phenotype, potentially arising from an impaired DNA damage response, to drive multistage carcinogenesis and to account for the multiple mutations characteristic of many cancers [37] . Recent studies have indicated that POLβ is mutated in a high percentage of tumors and that several of these mutations alter the coding sequence of the transcript [38] . Of the few tumor-associated POLβ variants characterized, the amino acid changes have been found to alter the ability of the protein to carry out accurate or efficient strand break resolution. For example, a substitution of Ile260Met or Lys289Met results in a mutant protein that exhibits an increased propensity to insert the incorrect nucleotide during gap repair [39, 40] . This replicative infidelity could potentially lead to a tumor-tumorassociated mutator phenotype. Indeed, expression of the POLβ variants Ile260Met and Lys289Met promotes cellular transformation in cell culture models [41, 42] . Whether amino acid changes in other BER proteins have a similar adverse outcome on repair accuracy, including a dominant-negative effect, is currently unknown. It is worth pointing out that an imbalance between the different steps of BER can result in genomic instability [43, 44] and more recently has been argued to be responsible for the somatic CAG repeat expansion observed in the progressive neurodegenerative genetic disorder Huntington disease [45] .
Variability in BER Capacity
The above examples (summarized in Table 2 ) document a clear connection between pronounced defects in BER, or a related sub-pathway, and disease development. However, as evidenced with homozygous knockout mice, a severe deficiency in many of the key components of the BER pathway is likely to be incompatible with life [46] , raising the following questions: "Do more subtle defects in BER exist within the human population?" and "Do these defects associate with disease susceptibility, at least in an exposure-dependent manner?"
As for the first question, early studies have indeed shown that DNA repair capacity differs among individuals. The pioneering assays used bleomycin (a radiomimetic agent) or γ-radiation applied in the G 2 phase of the cell cycle to measure chromatid breaks and gaps as an indicator for repair efficacy [47] [48] [49] [50] . These approaches have become known as the mutagen sensitivity or G 2 -phase chromosomal radiosensitivity assays, and over the past 30 years, have employed different test mutagens to appraise the varying DNA damage responses in a range of cell types, including peripheral blood lymphocytes, lymphoblastoid cell lines, skin fibroblast lines, white blood cells and buccal cells [51] [52] [53] [54] . One of the typical strategies used genotoxins such as benzo[a]pyrene diol epoxide (a constituent in cigarette smoke) or ultraviolet light to assess nucleotide excision repair, a pathway designed to cope with bulky, helix-distorting DNA base adducts such as photodimers [53] . With the advent of detecting DNA double-strand breaks by quantifying the levels of γ-H2AX foci or measuring cellular sensitivity to low-dose-rate ionizing radiation, investigators reported a variability of around 1.5-fold in strand break repair efficiency among ataxia telangiactasia heterozygotes, retinoblastoma family members, and apparently normal individuals [55] [56] [57] . Further evidence for a disparity in DNA repair or a DNA damage phenotype emerges in family and twin studies, where heritability of radiation sensitivity associates with family members who are radiation sensitive or in families with breast cancer-affected relatives [52, 54] .
Of the various repair capacity assays [58, 59] , the Comet assay (or single cell gel electrophoresis assay) has most commonly been used to interrogate BER. This sensitive technique measures the steady-state level of endogenous DNA damage (i.e., alkalinesensitive sites and single-strand breaks) in an individual eukaryotic cell, and can be designed to determine repair rate following exposure to a select genotoxin [60] . One study assessing endogenous DNA damage has revealed a continuum of damage that is highest among cancer cases (breast and thyroid), less in controls, and suggestively lowest in hyper-normal individuals (advanced age, no personal history of any cancer and no cancer reported in their families), with a Comet tail length ranging from 15.4 to 56.8 (an ~3.7-fold difference) among controls [61] . Case-control studies using the Comet assay with a radiation challenge or a combination of Comet and the human 8-oxo-dG DNA glycosylase (OGG1; known as Comet/Fragment Length Analysis using Repair Enzymes or FLARE) show that risks of bladder, kidney, esophageal, and lung cancer are elevated among those who exhibit higher levels of oxidative DNA damage [62] [63] [64] [65] . Studies of cancer risk using the Comet assay are too numerous for full elaboration here, but some, such as the OGG1 Comet/FLARE assay have been developed expressly to evaluate oxidative metabolism, which has obvious relevance to BER. The overall conclusion from these studies suggests that normal human variation exists with respect to several measures of DNA damage, whether as baseline or constitutive damage, the amount of induced damage after a mutagen challenge, or the amount of repaired or unrepaired residual damage after the challenge. Estimates suggest that between 10 to 30% of the normal human population may be "sensitive" to various challenges, and thus, be defective in some aspect of DNA repair, possibly in the range of up to a 50% reduction [54] , although such estimates are difficult to generalize across various assays and study populations.
Paz-Elizur et al. [66] recently established a robust and reproducible strategy for specifically assessing 8-oxo-dG repair activity in protein extracts prepared from human peripheral blood mononuclear cells (PBMCs). Since 8-oxo-dG is most commonly processed by OGG1, the assay was named "OGG", although it was acknowledged that other enzymes maintain the ability to remove this base lesion [67] . Once the methods for cell handling and extract preparation, as well as the assay conditions were optimized, OGG activity was determined for whole cell extracts prepared from 120 healthy individuals. These investigations revealed an ~2.8-fold range in inter-individual variation for 8-oxo-dG repair, with no statistical difference between males and females, or between smokers and non-smokers [66] . This basic approach has also been applied to determine the association of OGG capacity with tumorigenesis and such studies suggest that low OGG activity may be a risk factor in lung and head and neck cancer [67] .
Using the platform established by Paz-Elizur and colleagues [66] , we determined the extent of variability in the subsequent steps of BER among a set of EBV-transformed lymphoblastoid cell lines from nineteen cancer-free controls, two cancer patients, and two long-lived cancer-free individuals (hyper-normals) [61] . In brief, after culturing cells and preparing pellets for each line, whole cell extracts were generated using the mild freezethaw/hypotonic buffer strategy described for the OGG assay (see above). We then determined protein concentrations using the Bio-Rad Protein Assay, and verified these measurements via SDS-polyacrylamide gel electrophoresis followed by fluorescent protein staining with SYPRO Red®. Once extract concentrations were confidently determined, AP endonuclease, single nucleotide gap-filling, and nick ligation activities were measured using radiolabeled deoxyoligonucleotide substrates (see for instance [68, 69] ). The fundamental approach is detailed in Figure 2 for the AP endonuclease assay (panels A thru C).
Our results indicate that for AP site incision, the twenty-three individuals examined exhibited an ~1.9-fold inter-individual variation, from 1.18 fmolmin −1 ng −1 for OBS#14 to 2.25 fmolmin −1 ng −1 for OBS#17, with a mean of 1.68 for all of the individuals ( Figure 2D ). However, for each study participant (other than OBS#17), the average and standard deviation at least partially overlapped with the average and standard deviation of the sample set ( Figure 2D , dashed line and shaded area, respectively). Generally consistent with our results herein, Redaelli et al. [70] , using a less sensitive plasmid-based assay and protein extracts prepared from lymphocytes, observed a range of AP endonuclease activity of ~2.5-fold among 10 healthy individuals. Rossi et al., using the same plasmid-based assay and peripheral blood lymphocytes, found no obvious age-related decline in AP site incision capacity among 23 women [71] and no association of AP endonuclease activity with early onset sporadic breast cancer [72] . As for gap-filling ( Figure 3A ) and nick ligation ( Figure  3B ), we observed an ~1.3-fold and 3.4-fold inter-individual variation, respectively. The greater disparity in nick ligation likely stems at least in part from the low overall activity and the corresponding limited sensitivity of the assay. Like the AP endonuclease profile, the average repair capacity of each individual for gap-filling and nick sealing generally fell within the experimental variability of the population ( Figure 3 , shaded area). It is worth pointing out that in experiments not detailed herein, we found nick ligation to be the rate limiting step for complete uracil-initiated BER using extracts prepared in the manner described above.
Expounding upon the results of Figures 2 and 3 briefly, the two cancer patients (OBS#1, breast and ovarian, and #15, prostate and other) do not have any features related to their various BER efficiencies that stand out relative to the controls or the two hypernormals (OBS#2 and #3), other than OBS#1 displays slightly lower AP endonuclease activity than nearly all of the other study participants, although overlapping with the shaded area. While an intriguing observation, significant follow-up work is required to address any possible role of APE1 deficiency in this individual's disease. Comparing the various BER biochemical results with the previous Comet assay measurements also did not reveal any compelling relationship (data not shown). Obviously, what is described herein is simply a pilot study to establish proof-of-principle for the methodologies, and much larger experiments are required in the future to evaluate (i) the reliability of the approach, (ii) the effects of different cell types or cellular transformation on the readouts, and of course (iii) any possible association with disease risk. Related to point (ii), a recent study found that while the OGG assay is robust and reproducible when used on PBMCs (intra-assay coefficient of variation = 8%), a high intra-culture variability was observed with EBV-transformed lymphoblastoid cell lines (intra-culture coefficient of variation = 16.8%) [73] .
Similar extract and biochemical approaches can be employed to evaluate repair of additional base lesions (oxidative, alkylative, or hydrolytic), as well as the processing of nonconventional single-strand break termini (e.g., 3'-phosphates or -phosphoglycolates). A key consideration before proceeding, however, is the robustness of the activity of interest, particularly relative to the nuclease contaminants that will undoubtedly be present in a whole cell protein extract. In addition, such an approach is limited in that it interrogates only a single event during BER, and not the pathway as a whole like methods such as the Comet assay.
Besides the configuration of the repair capacity assay itself, another important consideration is the selection of the source or cell type for the analysis. For instance, it has been reported that monocytes (a specific blood cell population), unlike the dendritic cells derived from them or peripheral blood lymphocytes, are defective in BER, due largely to reduced XRCC1 and LIG3α protein levels [74] . Furthermore, since generalizing within individuals with respect to differences in variation between tissues has not been done extensively, inferences to target organs from results with PBMCs or lymphoblastoid cell lines, for example, are currently tenuous. To more directly weigh surrogate tissue against the target organ, PazElizur et al. [75] compared protein extract activities from PBMCs and lung tissue in their study of lung cancer. The authors found an R 2 of 0.858 (p = 0.003) between OGG repair capacity in PBMCs and lung tissue removed during surgery in the same patients (n = 7). Other investigators have compared PBMCs with bronchial epithelial cells in 10 subjects and found a correlation co-efficient of 0.83 (p = 0.003) with respect to the activity of DNAdependent protein kinase, a protein that operates in non-homologous end-joining [76] . While the list of examples touched upon herein is not exhaustive, it does underscore the importance of understanding the relationship between easily obtainable surrogate samples, such as peripheral blood, and the organ of interest.
As for the second question proposed at the beginning of this section, how differences in BER capacity correlate with human disease is still unclear. However, it is noteworthy that mice haploinsufficient (i.e., heterozygous) in BER exhibit increased vulnerability to tumor development (see for example [77] ). We re-visit in the final section the topics of BER capacity assays and their potential value in determining disease risk.
Sequence Variation in BER Factors
Mohrenweiser and colleagues reported in 1998 that extensive natural variation occurs in genes that encode DNA repair proteins [78] . Since that original publication, it has become recognized that humans are in fact quite heterogeneous in their DNA repair genetic composition [79, 80] . However, whether this genetic variability affects BER capacity has only been crudely evaluated (see next section). We have compiled a list of reported nonsynonomous variants (arising from missense mutations) that have been found both in seemingly healthy individuals and within disease tissue in several key BER proteins (Table  3 ). Keep in mind that Table 3 does not include: (i) all genes that have been associated with BER [e.g. the compensatory DNA polymerases ι, λ, ε or δ, the accessory factor replication factor C (RFC), or poly(ADP-ribose) polymerase 1 (PARP1/ADPRT1)]; (ii) nucleotide changes that do not alter the coding properties of the transcript (i.e., synonomous), but may affect transcript stability; or (iii) nucleotide differences observed in the untranslated regions or promoter regulatory elements that may affect gene expression. For a more comprehensive and up-to-date list of BER nucleotide changes visit http://egp.gs.washington.edu/welcome.html and http://www.ncbi.nlm.nih.gov/SNP.
As gleaned from previous resequencing efforts, it appears that on average there are at least 4 amino acid variants per DNA repair gene, with an average allele frequency of ~5% (see for instance [79] ). Analysis of the current sequence results also indicate that: (1) rare variants (allele frequency of <3%) make-up >75% of the total and (2) about 1/3 rd of the amino acid changes are predicted to adversely impact structure/function based on computational scrutiny. Given the level of genetic complexity, it is evident that very few individuals are homozygous wild-type for all genes of a single DNA repair pathway. Determining how these complex genotypes ultimately affect repair capacity and disease susceptibility is the challenge going forward. Finally, it is noteworthy that differing levels of variability are tolerated (Table 3) , with some genes harboring changes that lead to numerous different amino acid variants (e.g., MUTYH, XRCC1, and LIG1) and others tolerating almost none (e.g., PCNA and UNG). Mutations in the structure-specific 5'-flap endonuclease, FEN1, which operates as an important component of long-patch BER, as well as in DNA replication [81] , have recently been connected to autoimmunity, chronic inflammation and cancer [82] , yet the protein will not be discussed further herein.
Functional Consequences of Sequence Variants in BER DNA Glycosylases
While many sequence variants have been identified and numerous molecular epidemiological studies have been carried out to assess the potential association of the high frequency DNA repair single nucleotide polymorphisms (SNPs) with a specific disease, particularly cancer (see for instance [83, 84] ), comparatively few biochemical or cellular investigations have been performed to delineate the functional consequences of nucleotide changes that occur within the coding or regulatory regions of DNA repair genes. In the case of the BER DNA glycosylase OGG1, studies have by and large consistently indicated that the polymorphic variant Ser326Cys (observed at a frequency of ~32%) results in a protein that exhibits a slightly defective ability to process substrate base lesions in vitro or complement repair-deficient bacteria or human cells [85] [86] [87] . OGG1 is the major repair protein for removing not only 8-oxo-dG base damages from DNA when paired with cytosine, but has robust activity on 2,6-diamino-4-hydroxy-5-formamidopyrimidine (FaPy) and 8-oxoadenine lesions as well [88] . More recent biochemical experiments have indicated that the extent to which the Ser326Cys polymorphism negatively impacts OGG1 function is influenced by the base opposite 8-oxo-dG in DNA, and that the OGG1-Cys326 variant has an aberrant DNA binding conformation involving dimerization (perhaps via a disulfide linkage) that may contribute to its inability to coordinate with other proteins of the BER pathway [89] . There is also evidence that oxidation of Cys326 alters the repair competence of the variant protein, and consequently, the overall capacity of the cell to cope with oxidative stress [90, 91] . In addition, it has been suggested that the Ser to Cys substitution adversely affects the dynamic intracellular localization of OGG1, possibly by altering the phosphorylation status of the protein [92] . These data collectively indicate that the OGG1-Cys326 variant is hampered in its ability to initiate BER in comparison to the wild-type protein. Although the relationship of the variant to cancer risk remains unclear, there appears to be a consensus building for an association with at least lung cancer susceptibility [93, 94] . Another polymorphic variant (observed at ~3%), Arg229Gln, was found to be thermolabile both in cells and in vitro, although the protein exhibited normal 8-oxo-dG excision activity in controlled biochemical assays [95] .
Several possible tumor-associated variants have been described in OGG1, including Gly12Glu, Arg46Gln, Arg131Gln, Arg154His, Arg169Gln, Ser232Thr, and Ile321Thr [85, [96] [97] [98] [99] . Of these, Arg46Gln (identified in 1 of 52 lung cancer cell lines), Arg131Gln (found in 1 of 40 human tumors), and Arg154His (detected in 1 of 9 gastric cancer cell lines) have been reported to exhibit impaired DNA glycosylase function, while the substitutions at codons 12, 169 and 232 had no effect on repair activity. Additional OGG1 variants (Ser31Pro and Thr398Ser) have been observed in the chronic inflammatory disease, primary sclerosing cholangitis (PSC), but neither amino acid change appears to alter the enzymatic activity of the protein [100] . Mutations in OGG1 have also been found in 4 of 14 Alzheimer disease patients analyzed, including a deletion that results in a C-terminal truncation (found in 2 of 14 AD samples) and the missense mutations Ala53Thr (found in 1 of 14 AD samples) and Ala288Val (also observed in the normal population at a frequency of 1%) [101] . The truncated protein lacked 8-oxo-dG glycosylase activity, while the two amino acid variants exhibited around 50% of wild-type activity in vitro, suggesting a possible role in disease pathology.
Sequencing efforts have identified nucleotide changes that modify the amino acid composition of E. coli endonuclease 8-like protein (NEIL1). NEIL1 is a DNA glycosylase that removes oxidative base lesions from DNA and there is some suggestion based on a mouse knockout model that the protein plays an important role in the prevention of diseases associated with metabolic syndrome [102] . Four rare (≤1%) variants found within the normal population, Ser82Cys, Gly83Asp, Cys136Arg and Asp252Asn, have recently been characterized biochemically [103] . Cys136Arg appears to be deficient for both DNA glycosylase and AP site nicking activity, Gly83Asp exhibits reduced base excision activity and an altered nicking function, while the other two variants display essentially normal in vitro enzymatic properties. A more recent report observed Gly83Asp in two patients suffering from PSC with cholangiocarcinoma, and found that the variant, while defective in double-stranded DNA glycosylase activity, was able to excise substrate bases from singlestranded DNA with wild-type efficiency [100] . A Glu181Lys NEIL1 mutant was also observed in a patient with PSC and the protein was insoluble upon expression in bacteria, perhaps suggesting mis-folding of the gene product. In addition, three amino acid variants [Lys242Arg, Gly245Arg (found in 1 of 20 blood samples from Chinese patients) and Arg334Gly (identified in 1 of 71 Japanese patients)] and two deletion mutants (Pro2del and Glu28del) have been reported in gastric cancer, with only the truncated proteins exhibiting reduced repair capacity [104] . Finally, two rare NEIL1 variants (frequencies of < 1%), Pro208Ser and Arg339Gln, were observed in patients with multiple colorectal adenomas, yet neither variant was functionally characterized, and the latter was also detected in a normal control [99] .
There are several reported amino acid variants, both population-based and potentially disease-associated (Table 3) , for the other BER DNA glycosylases -MUTYH, UNG, NEIL2, NEIL3, the E. coli endonuclease 3-like protein (NTH1/NTHL1), the methylpurine DNA glycosylase (MPG), the G/T mismatch specific thymine DNA glycosylase (TDG), and the single-strand selective monofunctional uracil DNA glycosylase (SMUG1). Specifically, although rare [105] , a single sequence variant has been observed in a case of sporadic glioblastoma (Gly143Arg) [106] and familial colorectal cancer (Arg88Cys) in UNG [107] . Missense mutations have also been detected in a single heterozygous colorectal cancer patient in NEIL2 (Pro123Thr, Arg164Thr), NEIL3 (Asp132Val), and TDG (Arg66Gly); unique amino acid variants were not found in NTHL1, NEIL1, MPG, or SMUG1 in familial colorectal cancer samples [99, 107] . The relationship of any of these disease-associated variants to disease pathology is unknown. To our knowledge, none or very few of the variants in many of the DNA glycosylases listed in Table 3 have been functionally evaluated, either biochemically or in cell biology experiments.
AP Endonuclease
An early report described missense mutations in APE1, the major human AP endonuclease, in 6 of 11 patients with sporadic amyotrophic lateral sclerosis (ALS, better known as Lou Gehrig disease) or familial ALS (FALS), including Leu104Arg, Glu126Asp, Asp148Glu, Asp283Gly and Gly306Ala [108] . However, other than the Asp148Glu substitution and a Gln51His variant, both of which are now recognized as polymorphic variants (observed at a frequency of ~46% and ~3%, respectively), no nonsynonymous missense mutations were observed in two larger independent screening efforts of either 84 or 153 ALS and FALS patients [109, 110] . These data suggest that the original list of APE1 mutants were experimental artifacts.
Additional resequencing of genomic DNA from 128 unrelated, presumably healthy individuals found not only the common Asp148Glu and Gln51His variants, but also a Gly241Arg substitution [111] . Biochemical characterization of many of the reported APE1 variants at that time revealed that Asp148Glu, Gly241Arg, and Gly306Ala displayed essentially normal endonuclease and AP-DNA binding activities, whereas Leu104Arg, Glu126Asp, and Arg237Ala (found in the NCBI database) exhibited ~40-60% reductions in AP site incision capacity. Although not specifically characterized, the Asp283Gly variant was noted to be similar in nature to an Asp283Ala mutant previously shown to exhibit ≤10% repair capacity. While some genotype association studies have suggested a role for the Asp148Glu substitution in cancer risk, such as of the breast [112] , a more recent investigation [113] , genome wide association studies (GWAS), [114] [115] [116] [117] , and metaanalysis [84] , have not found an association with APE1 and cancer susceptibility, consistent with the Asp148Glu variant exhibiting normal in vitro nuclease capacity [111, 118] .
Somatic mutations have also been found in APE1 in 3 of 20 endometrial tumors, one resulting in a premature stop codon and two changing the amino acid composition of the protein (Pro112Leu and Arg237Cys) [119] . Preliminary in vitro data indicate that the Arg237Cys mutant behaves similarly to Arg237Ala, including the altered protein stability described previously (unpublished observation and [111] ). The other APE1 variants (Table  3) have not been characterized functionally, and none of the variants have been examined in more inclusive cell-based assays to date. It might also be interesting to explore the consequences of amino acid substitutions in the N-terminus of APE1 (e.g.., Gln51His and Ile64Val) on its so-called REF-1 activity, a distinct function of the protein involved in regulating the DNA binding efficiency of transcriptional activators such as AP-1, p53, and NF-κB [5, 120] . Finally, a recent study employing bioinformatic evaluation of the expressed sequence tag (EST) database identified a total of 80 missense mutations in APE1 [121] , although most of these require follow-up validation and are presumably sequencing artifacts.
Strand Break Processing Proteins
Besides the tumor-associated variants of DNA POLβ described earlier, a number of unique amino acid changes have been identified in resequencing efforts of the population (Table 3) . To our knowledge, none of these variants have been functionally characterized. Similarly, there are no published reports describing the functional impact of the population-based amino acid substitutions in LIG1 or LIG3, or in the BER genes that have been causally linked to disease, i.e., MUTYH, APTX, TDP1 and PNKP. It's worth pointing out that in one individual -who displayed symptoms of immunodeficiency, stunted growth and cellular DNA-damaging agent sensitivity -two missense mutations (Glu566Lys and Arg771Trp) have been found in the different alleles of LIG1 that strongly reduce the ability of the enzyme to form a critical, covalent adenylate reaction intermediate [122] . LIG1, however, not only functions in specific pathways of BER, but is also the major DNA ligase in proliferating mammalian cells for replication, as well as having roles in other DNA repair responses [7] .
XRCC1 is a non-enzymatic nuclear protein that operates as a support scaffold, facilitating primarily protein-protein interactions, to coordinate BER and single-strand break repair responses [123, 124] . Quite a number of amino acid variants have been identified in XRCC1 (Table 3) , with some of these occurring at sufficiently high frequency that they have been the focus of many epidemiology association studies (see below). There have been a number of experimental efforts to characterize the three main human polymorphic variants: Arg194Trp, Arg280His, and Arg399Gln. The first such analysis found that Arg399Gln was able to fully rescue the alkylating agent methyl methanesulfonate (MMS) sensitivity and the DNA repair defect of the XRCC1-deficient Chinese hamster ovary cell line EM9 [125] . A subsequent study reported that Arg399Gln, unlike the Arg194Trp or Arg280His variants, was unable to correct the bleomycin-induced increase in micronuclei frequency of EM9 cells [126] . Yet another investigation found that Arg280His was able to only partially correct the MMS sensitivity and single-strand break repair defect of EM9 cells, while Arg194Trp showed wild-type complementation activity [127] . In still another study, Arg280His and Arg399Gln exhibited a weak or marginally impaired ability, respectively, to restore wild-type DNA repair capacity to EM9 cells challenged with a range of genotoxins [128] . A major weakness of this latter effort (unlike the other studies) is the fact that variant protein expression was not examined, and thus, the differences seen in complementation efficacy may simply reflect differing protein levels. Finally, examining a series of biochemical activities of several XRCC1 variants, including Arg194Trp, Arg280His and Arg399Gln, revealed that Arg280His displayed a mild defect in DNA binding capacity, while exhibiting a normal interaction with the protein partners POLβ, PARP1, LIG3α, and PCNA [129] . The other polymorphic variants, as well as the rare variants P161L and Y576S, exhibited essentially wild-type interactions with the proteins above, as well as with DNA. Seemingly consistent with the DNA binding defect seen for Arg280His in vitro, this protein, unlike the other variants, also displayed a slightly shorter retention time at site-specific, laser-induced DNA breaks in HeLa cells, perhaps underlying a repair deficiency.
Despite the numerous efforts to characterize the polymorphic variants of XRCC1, the picture remains cloudy as to which exhibit altered activity, although a majority of the evidence points to a defect in Arg280His and there is currently no evidence for Arg194Trp possessing impaired function. The disparity in experimental results may stem from the fact that the reported amino acid substitutions impart only a minor, and thus difficult to detect defect on protein activity, or differences in the technique or endpoint used to evaluate protein function. Whatever the case, this fact stresses the importance of applying multiple methods, perhaps a series that takes into account the different independent molecular responsibilities of the protein in question, to quantify functional capacity. Epidemiology studies or meta-analysis has found that the Arg194Trp variant may provide a protective advantage for certain cancers; the Arg280His substitution is not associated with colon cancer risk, yet may modify breast cancer risk differently in Caucasian and Asian populations; and Arg399Gln is associated with increased or decreased susceptibility depending on cancer type, smoking habits and potentially ethnicity [130] [131] [132] . However, again, like the functional assays, the epidemiology results for each of these variants are largely conflicting and require further clarification.
There are many reports of aberrant BER gene expression associated with various disease states, particularly specific cancer types [133] . Whether or not these changes in gene expression arise from nucleotide sequence alterations or from modifications in chromatin structure or epigenetics is unknown, but it remains possible that nucleotide changes in regulatory regions, such as untranslated regions or promoters, could alter transcription rates, transcript stability, or translation efficiency. In addition, a variety of lifestyle practices and environmental exposures have the potential to alter BER gene expression, presumably in a way that can either negatively or positively affect the ability of a cell to cope with DNA damage. To make this review manageable, we have elected not to touch upon the ongoing studies aimed at characterizing the functional consequences of non-coding or silent nucleotide substitutions, or the role of BER gene expression patterns in disease risk. However, we did not intend to minimize the possible contributions of these factors to the genesis and perpetuation of disease.
Considerations for Today and Tomorrow
As seen with other DNA repair pathways [134] , a quantifiable defect in BER, or one of its related subpathways, has been genetically linked to disease ( Table 2 ). In addition, disruption of BER coordination or efficacy through the aberrant activity of a variant protein, such as seen with DNA POLβ, can potentially foster tumorigenesis. Nevertheless, in the case of BER, it is likely that severe deficiency, at least at specific steps of the pathway, will be incompatible with life. Thus, it is anticipated that more subtle defects in BER will be related to disease proneness or susceptibility, particularly in the face of a relevant exposure or during the cumulative life span of the individual [135, 136] .
Employment of the Comet assay and other methods to measure BER capacity has indicated variability in repair efficiency. Moreover, epidemiology studies have suggested an association of reduced BER capacity with cancer risk. However, as noted earlier, many studies in this regard are conflicting. In addition, whether the assays will be predictive of cancer or other disease risk remains far from definitive because of a bias inherent in the case-control study design. The bias, known as "reverse causation", posits that the assay may be measuring the consequence and not the cause of cancer; reverse causation bias has been thoughtfully discussed in previous articles and editorials [51, 52, 59, 137, 138] . In one nested case-control study that assessed the alkaline Comet assay (endogenous damage), the Host Cell Reactivation assay (using the mutagen benzo[a]pyrene diol epoxide), and the G 2 -phase mutagen sensitivity assay (using bleomycin) among samples collected before lung cancer diagnosis, only the G 2 -phase mutagen sensitivity assay was associated with lung cancer risk [139] .
As the connection between repair capacity and disease gains clarity and predictive usefulness, the requirement for high-throughput, epidemiologic-grade BER-type assays will become more prevalent. Such assays, irrespective of how DNA damage or repair is measured, should be carefully validated and must thoughtfully consider the assumptions under which the samples are collected. Quality control samples (taking into account age, race, ethnicity, dietary and lifestyle practices, etc.), selection of an appropriate surrogate cell type (when necessary), blinded testing of samples, and assessing laboratory drift over time are all important aspects of developing a rigorous set of assays going forward (see further discussion in [140] [141] [142] ). Moreover, strategies to more clearly distinguish subtle DNA repair pathway deficiencies along the continuum of normal, such as the low-dose-rate assays [54] [55] [56] , should continue to be explored and then tested in a study design where reverse causation bias would not affect the outcome. Novel approaches, such as the recently described automated method for measuring the formation and repair of DNA single-strand breaks in live cells, should also be investigated in appropriately designed population studies [143] . Work to assess the reproducibility, sensitivity, and specificity of existing or newly developed assays in prospective study designs or using stored samples collected before diagnosis will go a long way towards determining an assay's merit.
Because BER is involved in remediating some radiation-induced DNA damage, it will be important to follow results from GWAS that are specifically designed to detect generadiation interactions. The Women's Environmental Cancer and Radiation Epidemiology (WECARE) study has been designed to evaluate the effect of polymorphic variation and ionizing radiation dose on risk of contra-lateral breast cancer. The investigators used a counter-matched design to increase statistical power to detect radiation-gene interactions [144] . Previously the WECARE study has focused on candidate genes, such as ATM, but they are currently conducting a GWAS to assess whether radiation-related risk of contralateral breast cancer is modified by any polymorphic variant(s). Should study findings implicate BER-related genes, these would be worthwhile to pursue. Other GWAS projects that might be germane to BER are those that examine potential genetic relationships with cancers that arise from chronic oxidative stress, such as of the stomach, colon, prostate and breast. One could envision BER playing a potentially important role in the etiology of other diseases involving relevant gene-environment interactions as well [135] .
It is evident from Table 3 that there exists significant genetic complexity in BER among individuals within the population. A challenge going forward will be determining one's BER capacity from their genetic composition. Towards this end, the plethora of missense mutations listed in Table 3 provides a rich resource of experimental targets for computational scientists, biochemists and cell biologists to determine functional capacity. Given the number of genetic variants observed, there would appear to be a need for more complete and robust high-throughput experimental techniques for assessing function, and ultimately pathway throughput, keeping in mind the limitation of the different possible approaches. Indeed, how one goes about measuring the functional consequence of a particular amino acid or promoter change, and how that is then translated to pathway repair capacity, is a complex issue that requires several levels of consideration [135] . One idea to circumnavigate the available functional data is to use a mathematical systems biology model that mimics the kinetics of BER to analyze the in silico effects of genetic variation on pathway throughput [145] . As more information becomes available on the intricacies of the BER network, more complex model systems can be developed that would allow for the accurate prediction of the impact of functional changes on pathway efficiency.
Seeing that the relationship of BER variants, repair capacity, and disease risk remains unclear, it is imperative that the reasons behind the disparity in the epidemiology association studies be better understood, such as the contribution of the methodological approach and the role of potential modifier genes. Until that time, the current data on BER polymorphisms and cancer should be interpreted with caution, and better designed prospective studies, with sufficient statistical power, are necessary going forward. The possible contribution of the sizeable number of rare BER variants to disease should also be considered, as collectively, these variants make up a significant proportion of the total number. In the end, having a more complete and accurate picture of one's repair capacity will have significant implications in predicting exposure risk and designing treatment strategies, particularly for cancer [146] . Total AP site incision activity of the whole cell extracts from the EBV-transformed lymphoblastoid cell lines. (A) Concentration-dependent conversion of an AP site-containing DNA substrate to the incised product. Shown is an image of a representative denaturing polyacrylamide gel. Following preparation of the whole cell extract and protein concentration determination (see text), incision reactions were performed using a 34 mer duplex deoxyoligonucleotide substrate harboring an abasic site analog (tetrahydrofuran) for 10 min at 37°C as essentially described [68, 69] . Reactions were stopped and resolved on a 15% polyacrylamide-urea denaturing gel to separate the 5'-32 P-labeled intact 34 mer substrate (S) from the cleaved, labeled 15 mer product (P). Indicated are the amount of whole cell extract used in the reaction (μg) and the percentage of substrate converted to product, determined by standard phosphorimager analysis. NE = no extract control. Single-nucleotide gap-filling (A) and nick ligation (B) capacity of the twenty-three EBVtransformed lymphoblastoid cell line extracts. (A) Single-nucleotide gap-filling. The linear range of activity for this biochemical repair step was found to occur at 1 μg of whole cell extract and 10 min of reaction time at 37°C. Three deoxyoligonucleotides (15P, pG18, and 34G) were annealed to form a one nucleotide gap substrate, with the upstream primer strand 5'-32 P-labeled [68, 69] . Gap-filling reactions consisted of 10 μ1 mixture containing 1 μg of protein extract, 0.5 mM dCTP, and 1 pmol of labeled DNA substrate in TPE buffer, and the percentage of primer extended by a single-nucleotide was monitored following high resolution denaturing gel electrophoresis and standard phosphorimager analysis. Shown is the average and standard deviation of 3 independent reactions, reported as fmol of substrate converted to product per min per μg of total extract. The dashed line and shaded area denote the average and standard deviation, respectively, of all gap-filling results obtained for all the extracts (i.e. the general range of assay variability). (B) Nick ligation. The linear range of activity for this biochemical repair step was found to occur at 4 μg of whole cell extract and 30 min of reaction time. Three deoxyoligonucleotides (15P, pC19, and 34G) were annealed to form a 3'-hydroxyl and 5'-phosphate ligatable DNA nick, with the upstream primer strand 5'-32 P-labeled [68, 69] . Reaction mixture (10 μ1) containing 4 ug of protein extract, 1 mM ATP, and 1 pmol of labeled DNA substrate in TPE buffer was incubated for 15-30 min at 37°C, and the percentage of full-length ligated product was determined following denaturing gel electrophoresis and standard phosphorimager analysis. Shown is the average and standard deviation of 3-6 independent reactions, reported as fmol of substrate converted to product per min per μg of total extract. The dashed line and shaded area denote the average and standard deviation, respectively, of all nick ligation results obtained for all the extracts (i.e. the general range of assay variability). Nonsynonomous substitutions in select BER proteins.
Gene Population Variants Disease-Associated Variants
MUTYH P18L e , V22M e , G25D e , W103R en , E155Q, A227V e , R241W e , L257R e , Q324H, A373V e , Q335H n , Q338H e , G382D, N394S e , S487P e , G500E n , G503E e , L526M n , L529M e , R531Q n , R534Q e See MPG K17Q e , A21V e , K22Q n , G24E e , D45N e , R55C e , P59L e , Y66H e , Y71H n , Q88R e , R115C e , R136Q e , A253V e , A258V n , A293S e , A298S n
None [107]
TDG I134M e , G199S en , K201T e , V268G e , K300R e , Y346D e , G347R e , V367L e , V367M n , A374T e , P379H e , G381E e , S396N e R66G SMUG1 G15V en , C23S e , R105W en , N244 e None [107] APE1 K35Q e , G39E e , Q51H en , I64T e , I64V en , D148E *en , G241R e , P311S e , T313A e , A317V e
P112L, R237C
POL β Q8R, Q31K e , K52E e , K54T e , R137Q e , G144A e , T196S e , P242R en I260M, K289M and [38] XRCC1 R5H e , R7P e , V10M e , V72A en , R107H e , E157K e , P161L *en , F173L, N183S e , R194W *en , A214V e , R280H *en , K298N e , T304A en , P309S en , R399Q *n , V381M e , S485Y e , E491K e , L514P e , H528Y e , R559Q e , R560W e , Y576N e , Y576S *en ND APTX G44S e , I41T e , K167E e , S158Y e See Table 2 and text   TDP1 E95D e , P101L e , A134T e , D187G e , R304Q e , R535H e , T569A e , P598L e See Table 2 and text PNKP P20S en , A63V en , T103I e , E113K e , P136L e , R139H e , R180S en , Y196N en , T217S e , V478G en , R513W e See Table 2 and text LIG1 A17E e , A24V en , S47F e , S51C e , P52L e , R62W en , D72G e , S91P e , R94H e , P119L e , P203L e , R235W e , G249E en , N267S en , Y289F e , S318F e , V349M en , L355F e , V369I en , R409H e , M480V en , K487R e , E497G e , T614I en , R641L e , D647N e , R672C e , E673D, R677L en , S839N e , Q892H e , T918P e
E566K, R771W
LIG3 R30C e , R100C e , G190C e , R224W e , D349G e , D679V e , R780H n , K811T, R867H e , S887F e , K898T e , P899S, T927M e ND FEN1 P151L e , R192Q e , R211W e , L218Q e , E357D e , F376L e See [82] PCNA S39R e ND Population variants were identified as follows:
Italics designates variants that are found at 3% or higher frequency. None = genes that have been sequenced in at least one disease state and have not been found to have missense mutations (i.e. changes that lead to nonsynonomyous amino acid substitutions). ND = not determined (to our knowledge). See main text for additional information. 
